Dielectric elastomers are soft actuation materials with promising applications in robotics and biomedical devices. In this paper, a bio-inspired artificial muscle actuator with artificial tendons is developed for robotic arm applications. The actuator uses dielectric elastomer as artificial muscle and functionalized carbon fibers as artificial tendons. A VHB 4910 tape is used as the dielectric elastomer and PDMS is used as the bonding material to mechanically connect the carbon fibers to the elastomer. Carbon fibers are highly popular for their high electrical conductivities, mechanical strengths, and bio-compatibilities. After the acid treatments for the functionalization of carbon fibers (500 nm -10 µm), one end of carbon fibers is spread into the PDMS material, which provides enough bonding strength with other dielectric elastomers, while the other end is connected to a DC power supply. To characterize the actuation capability of the dielectric elastomer and electrical conductivity of carbon fibers, a diaphragm actuator is fabricated, where the carbon fibers are connected to the actuator. To test the mechanical bonding between PDMS and carbon fibers, specimens of PDMS bonded with carbon fibers are fabricated. Experiments have been conducted to verify the actuation capability of the dielectric elastomer and mechanical bonding of PDMS with carbon fibers. The energy efficiency of the dielectric elastomer increases as the load increases, which can reach above 50%. The mechanical bonding is strong enough for robotic arm applications.
INTRODUCTION
Many soldiers and civilians lose their hands, arms and legs in the battle fields, accidents, and natural disasters. Many senior people also lose the capabilities of their arms and legs due to some diseases and aging process. Research has been conducted to develop artificial arms or legs to help those disabled people. DEKA developed a robotic arm controlled by electric motors.
1 However, the arm is too heavy and rigid to carry on and it also needs a large capacity of battery. To seek better solutions, people have turned to smart materials to look for light weight and compliant actuators. Pelrine compared traditional electric motors with some novel smart material actuators in terms of energy density (energy per unit mass or unit volume). 2 It was found that electroactive polymer (EAP) has highest energy density, which is very close to that of human muscles and about 8 times more than that of electro-magnetics. 2 It indicates that human is capable of carrying EAP muscles to generate enough force for their needs and EAP powered robotic arm has much better future compared to the electric-motor powered arm.
Dielectric elastomers (DEs) are an important category of electronic EAPs, [3] [4] [5] [6] which can generate large deformation with large force. A traditional DE actuator consists of soft elastomer material, such as PDMS and VHB 4910, coated with two compliant electrodes. 7, 8 The elastomer contracts when a DC voltage (higher than 1000 V) is applied to the electrodes. 8 Most of the research is focused on improving the DE actuation capability, modeling and control of the actuator in different applications. 5, 6, [8] [9] [10] [11] Few research is focused on how to build a compliant and efficient interface to input electrical power and output mechanical energy. Conventional DE tendon Joint actuators are normally clamped by two rigid metallic plates where voltage signal can be applied. Two plates are connected to two cables which can be used to output mechanical force. Since the mechanical bonding and electrical connection between the plates and the DE material will be downgraded when a large deformation is generated, the conventional DE actuator with such interface is not suitable for robotic arm applications. Inspired by biological muscles, an ideal artificial muscle needs a compliant, strong, and electrically conductive artificial tendons for robotic arm applications. Fig. 1 shows our envisioned robotic arm actuated by two artificial muscles. In this paper, an artificial muscle actuator with artificial tendon is developed for robotic arm applications. The actuator consists of a DE material as artificial muscle and functionalized carbon fibers as artificial tendon. PDMS is used as bonding material to bond the DE material with carbon fibers. Carbon fibers can firmly join with PDMS material after functionalization procedure, thus create a strong, natural muscle-like actuator in which carbon fibers play a role as tendons. PDMS can also firmly adhere to the dielectric elastomer. To characterize the actuation capability of the DE actuator, a diaphragm actuator is fabricated, where carbon fibers are connected to the electrodes of the DE actuator using sticky tapes. It shows that the conductive carbon fibers can be used to input high voltage signals to the dielectric elastomer. The energy efficiency of the diaphragm actuator increases as the load increases, which can reach above 50%. To test the mechanical bonding between PDMS and carbon fibers, PDMS specimens bonded with functionalized carbon fibers are fabricated. The tension test of the specimens shows that the mechanical bonding is strong enough in robotic arm applications.
The rest of the paper is organized as follow. Design of the actuator is shown in Section 2. Fabrication of the diaphragm actuator and PDMS specimens is demonstrated in Section 3. Experimental results are shown in Section 4. Conclusions and future work are discussed in Section 5.
DESIGN OF BIO-INSPIRED ARTIFICIAL MUSCLE CONNECTED WITH ARTIFICIAL TENDON
The goal of this research is to develop an artificial muscle actuator with artificial tendons for robotic arm applications. Fig. 2 shows the actuator design in cross-sectional view. The actuator has a typical sandwiched structure. A VHB 4910 is used as the dielectric elastomer. Carbon nano particles are coated on both sides of the tape as electrodes in actuator's working area. Carbon fibers are used as the artificial tendon due to its flexibility, strength, and electrical conductivity. PDMS material is used to bond the artificial tendon with the dielectric elastomer actuator in the bonding area. Ideally, conductive PDMS 12 should be chosen as the bonding material, which can secure the electrical connection between the carbon fibers and electrodes of the dielectric elastomer. However, fabrication of the conductive PDMS with low resistance and high compliance is still challenging, which will be a focus in our future work. Since carbon fibers are perfect electrical conductors, the actuation voltage signal can be applied to the dielectric elastomer through the artificial tendon. Due to the high strength of the carbon fibers and strong bonding of the PDMS, the artificial tendon can be used to output mechanical force to the robotic bones. 
FABRICATION OF ARTIFICIAL MUSCLE WITH ARTIFICIAL TENDON
To successfully fabricate the artificial muscle with artificial tendon, two intermediate devices are fabricated. First a diaphragm actuator is fabricated for characterizing the actuation capability of the dielectric elastomer and verifying the electrical conductivity of the artificial tendon. Second, PDMS specimens bonded with carbon fibers are fabricated to verify the mechanical bonding between the PDMS bonding material and the artificial tendons. Finally, an artificial muscle actuator with artificial tendons will be fabricated to verify the actuator design, where the artificial tendons will be bonded with the artificial muscle using conductive PDMS material.
Since the fabrication of conductive PDMS is still under the way of investigation, the final functional actuator will be developed in our future work.
Fabrication of the diaphragm actuator
To characterize the VHB 4910 tape's actuation performance, a diaphragm actuator was designed and fabricated. Inspired by the membrane-spring PDMS system, 13 a VHB tape was prestretched by about 30%. After that the tape was attached to a 11 cm in diameter plastic flange, both sides of the tape were pasted with carbon nano particles while a central area (circular, 2 cm in diameter) was left blank. Two clusters of carbon fibers were attached on each side of the actuator with a sticky tape. A calibration weight was placed in the center of the actuator as a load. Fig. 3(a) shows the design of the diaphragm actuator and Fig. 3(b) shows the picture of a fabricated diaphragm actuator. 
Fabrication of the artificial tendon bonded with PDMS material
To verify artificial tendon's bonding strength with PDMS, specimens of PDMS material bonded with carbon fibers were fabricated. Ecoflex 0030 was used as the PDMS material. During the fabrication, the liquids of Part A and Part B of Ecoflex 0030 were mixed with 1:1 ratio and then stirred 4-5 minutes using the magnetic stirrer. Nitric acid (69.4%), Sulfuric acid (98%) mixed with 2:1 ratio and carbon fibers kept into the solution for 48 hours in room temperature for functionalization. A mold with muscle-like shape was made before, the liquid mixture poured into mold. Then the mold was kept into a vacuum chamber for 30 minutes to remove oxygen from the mixture. The oxygen came out of the mixture forming bubbles within it. Then it was kept for 24 hours at room temperature for curing. Fig. 4(a) shows the design of the mold and Fig. 4(b) shows the picture of the artificial tendon bonded with PDMS in fabrication. Ideally, the carbon fibers should be bonded with conductive PDMS material. Much research work has showed the feasibility of making conductive polymer materials.
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However, adding conductive particles into PDMS will introduce stiffening effect on the compliant material.
16-18
It is still challenging to fabricate a compliant PDMS with high stretchability as bonding material for the actuator, which will be our future focus. 
EXPERIMENTAL RESULTS

Actuation test on the diaphragm actuator
During the test, the actuator was put on an anti-vibration table (Newport Research Corp.). A calibration weight was placed as a load in the center of the actuator. The driving voltage was generated by a dSpace real-time control system and amplified by a PS350 high voltage power amplifier (Stanford Research System, INC). When a driving voltage was applied, the DE material created compression in thickness, and released its internal stress, which made the load move lower. The load moved up after the driving voltage was off. A Baumer OADM 20I6441/S14F displacement laser sensor was used to capture the movement of the load. In the first test, a 3 KV step voltage signal was generated and applied to the actuator. The weight of the load was 50 grams. Fig. 6 shows the displacement of the load, the driving current, and the driving voltage. There was a small charging current and then followed by a leaking current. Overall, the actuator consumes very little input power. The step response has about 0.5 second delay and 2.5 seconds settling time. In the second test, a series of step voltage signals were applied to the actuator. The weight of load was changed from 50 grams to 150 grams. The amplitude of the signal was changed from 3 KV to 4 KV. Experimental data with the combinations of these parameters are shown in Fig. 7 and Fig. 8 . It shows that there is relationship between the settling time and the weight of the load. The heavier the load, the longer the settling time. Modeling of this relationship will be conducted in our future work.
In the third test, a series of pulse wave voltage signals were applied to the actuator. The weight of load was changed from 25 grams to 200 grams. The amplitude of the signal was changed from 3 KV to 4 KV. The period of the signal was changed from 2 seconds to 10 seconds. Fig. 9 shows the maximum displacements captured with different loads under different pulse wave signal inputs. It shows larger deformation can be generally obtained with higher driving voltage.
In the last test, the energy efficiency was calculated in one period of a pulse wave. The parameters combinations are the same as former test. When the voltage was applied on the actuator, the load object moved down. The gravitational energy and electrical energy were stored in the actuator. After the driving voltage was turned off, the actuator released its stored energy and lifted the load up. Hence the power efficiency can be calculated by
where E is power efficiency, W g1 denotes the work done by the gravity force of the load when the voltage is turned on, W g2 denotes the work done by the gravity force of the load when the voltage was turned off, and W e is the work of electricity. Since the load returned back to its original position when the voltage was off,
where m is the mass, g is the gravitational acceleration, d is the displacement of the load. W e can be calculated by
where T is the period of the signal, u(t) is the input voltage, and i(t) is the measured current. The energy efficiencies of the actuator under different parameter conditions are shown in Fig. 10 . It shows that efficiency is generally increased with the load. The amplitude of the driving voltage doesn't significantly affect the energy efficiency of actuator. It also shows that a higher efficiency could be achieved as long as the actuator can support a heavier load.
Tension test on the mechanical bonding of PDMS with carbon fibers
To measure the load carrying capability of mechanical bonding between functionalized carbon fibers and PDMS materials, one specimen strip with both kinds of materials was tested in a tension test. One side of the strip was attached with a hook of the set up and another side was manually pulled by a human. The initial dimensions of strip length was 9 cm, thickness was 3.4 mm, width was 23.4 mm. The initial length of the strip was 9 cm and was stretched up to 28 cm by applying 31.2 N of tensile force. It was tried to stretch further but the sample slipped out of the grip. The highest elongation of strip was up to 28 cm. No physical damage or any plastic deformation were observed up to this force. Its dimensions remained the same like as initial. The following Fig. 11 shows the values of force versus time during the tension test. The actual forces for the corresponding elongations with time are peak values of the graph. In the figure some fluctuations are due to the shaking of human arm during the experiment.
CONCLUSION AND FUTURE WORK
In this paper, a bio-inspired artificial muscle actuator with artificial tendon is designed. Using carbon fibers as artificial tendons can provide a compliant, conductive, and strong interface for the artificial muscle, which enable us to apply the actuator in robotic arm applications. Towards to the final actuator, two intermediate devices were fabricated. First, a diaphragm dielectric actuator has been fabricated and characterized. It has shown that carbon fibers are conductive enough and can acts as the electrical input interface. It has also characterized the actuation performance of the dielectric elastomer, in terms of the delay time, settling time, maximum The preliminary results shows that this actuator's response time, maximum displacement, and power efficiency are mostly affected by the weight load on it. Second, specimens of PDMS bonded with carbon fibers have been fabricated and tested in tension tests. It has shown that the mechanical bonding between PDMS and carbon fibers is strong enough in robotic arm applications.
The future work will be focused on developing a functional artificial muscle actuator with artificial tendon, in which a conductive PDMS material will be used as compliant electrodes and bonding material. Modeling and control of this actuator will be also a focus in our future research. The final goal is to apply such artificial muscle to robotic arm applications.
